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ABSTRACT 



Targeted genetic correction of mutation, in cells is a potential strategy ^^^ h "^^^ 
vote nonsense, missense, and transcriptional splice Junction mutations. One method of targeted gene repair, 

S^-t replacement (svSFHR), has — 

m^n AFSOA 3-bn microdeletion at the cystic fibrosis transmembrane conductance regulator (CrTR) locus m 
ITiSSJ SSwetf. in culture: This study investigates fa >*ro and fa Wvo application of a double- 

of SFHR gene repair to the ^r mouse n>ode1 
rf)MD> A 603-bo wild-type PCR product was used to repair the e*on 23 C-to-T mdx nonsense truing al 
2^21 IdS locuTin cXred myoblasts and In tibialis anterior (TA) from male mdx mice. Multiple tra» 
Lon ^^ JS^r^ both improved ft, v*r* SFHR efficiency, with -ccessftd conver- 
SfofS to wad.type nucleotide at the * locus achieved in 15 to 20% ?<^^ 
0 1% of TA. The genetic correction of mdx myoblasts was shown to persist for up to 28 days m culture ana 
for!t C t3 weeks in TA. While a high frequency of ft. vitro gene repair was observed the 1*^"* 
hTre appeared to have adverse effects on subsequent cell riabDity and corrected cells did 
Sn^nscripL With further improvements to in vitro and ft. vivo gene repair efficiency SFHR may And 
some application In DMD and other genetic neuromuscular disorders in humans. 



OVERVIEW SUMMARY 

Short-fragmeni homologous replacement (SFHR) was used 
in this study to repair the common nonsense mutation irt 
the dystrophin gene idys) of the mdx mouse- SFHR was ap- 
plied to cells cultured from male mdx mice and the possi- 
bility of gene repair efficiency improvement was investi- 
gated- Multiple application of SFHR to cells in vitro, 
combined with choice of lipofection reagent, *ere the pri- 
mary agents by which gene conversion was achieved in 15 
to 20fl> of mdx locL Cells treated In this way were show* 
not to express dystrophin transcript 7 days after initlaUon 
of myotube differentiation. While the exact nature of this 
UcU of dystrophin expression remains unclear, it is either 
direcUv or indirectly related to a significant drop m cell 



numbers after transection 7 days post-differentiation. Af- 
ter bupivacaine-mediated muscle ablation, in vivo applica- 
tion OT SFHR In fewr male mdx mice resulted in gene repair 
to 5 x 10" 4 to 0.1% or loci in all muscles injected. Con- 
tralateral saline»lnjected limbs did not contain repaired mdx 
loci If efficiency and subsequent cell viability of in vitro and 
in vivo gen* repair may be improved, SFHR may provide a 
haste for treatment of many neuromuscular diseases. 



INTRODUCTION 

THE CAPACITY TO GENETICALLY MODIFY «LLS 10 a specific 
and controllable manner has immediate relevance to the 
recti ficatiorx of heritable borders in humuns. Targeted genetic 
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modification of chromosomal loci has been used for construc- 
tion of genetically modified animal models and cell lines since 
the 1980s (Folgei et al.. 1982: Capccchi, 1989a; Hunger- 
Bertling et al.. 1990). Targeted gene modification by homolo- 
gous recombination generally occurs at absolute targeting fre- 
quencies ranging between 5 in I0 7 (I0 _5 %j to I in 10* cells 
fO.)<fc), using microinjection, and I in 10 3 cell* f0.001%) by 
dectroporalion (Thomas and Capccchi. 1987; Capecchi. 
1989b). Such homologous recombination involves large gene- 
targeting vectors bearing large nonhomologous sequences for 
selection of recombinant cells, Gene-targeting frequency is not 
generally affected by the size of the nonhomologous sequence 
included (Mansour et a/.. 1990). There is. however* evidence 
that gene-targeting efficiency Is directly related to the extent of 
homology between the introduced and target sequences 
(Thomas and Capccchi. 1987). Further, one study reported a 
targeting efficiency of 1 in 150 cells, proposed to arise by lim- 
iting the amount of sequence disruption in the targeted gene to 
20 nucleotides (Zimraer and Gruss. 1989). 

Two methods of targeted gene conversion have been de- 
scribed, both displaying specific in vhro repair frequencies two 
or more orders of magnitude greater than traditional targeted 
homologous recombination. The first of these, chimeraplasry, 
involves introduction of chimeric RNA/DNA oligonucleotide* 
(chimernplasts) containing a nonmutant nucleotide locus to the 
mutant nuclear compartment, whh consequent mismatch repair 
at the mutated locus (Cole-Strauss et a/.< 1996; Yoon et at.. 
1996). The second method, single-stranded short-fragment ho- 
mologous replacement (ssSPHR), involves the introduction of 
short ampliccns of nonmutant DNA to the nucleus of mutant 
cells, and consequent homologous replacement of the mutant 
allele with the nonrnutam counterpart {K.un2elmann a 1996; 
Goncx ei aL 1993). While these two methods represent signif- 
icant potential in tiic rectification of human disorders involv- 
ing point mutations, they ciTeci their gene conversion by dif- 
ferent cellular mechanisms: chirneraplasty utilizes the mismatch 
repair mechanism (Fang and Modrich, 1993), while SPHR uti- 
lizes the homologous recombination pathway (Hunger-Benling 
a al.. 1990), Afi such, these methods may have different po- 
tential applications to human disease. 

The mdx mouse is a useful model of Duchenne muscular dy- 
strophy (DMD). One of several variants has a C-to-T nonsense 
transition in ex on 23 of the X chromosome thai causes a trun- 
cation of the expressed dysbnaphin protein (Ryder-Cook et aU 
1988; Sicinski tt aL 1989; lm d a/ M 1996), Human DMD is 
an X-tinked recessive disorder affecting 1 in 3000 five-born 
males. In 65% of boys with DMD* the gene contains gross re- 
arrangements (predominantly trarneshifl deletions or duplica- 
tions), while the remaining 35* have a <vj gene with either 
nonsense mutations or mutation* that affect transcriptional 
splicing sites (Kocnig et at., 198". Den Dunnen ei at,, 19S9; 
Liechti-GallaU tt at.. 1989; Clemens et aL 1992: Kilimann et 
oL 1992). Gene repair strategies at the dys locus therefore need 
to be able to work in such a manner that enables rectification 
of frameshifts as well as discrete locus mutations. This will ul- 
timately determine the specific applicability of different gene 
repair techniques to human DMD. 

SFHR has been used to repair a 3-bp microdeletton at the 
cystic fibrosis transmembrane conductance regulator (CFTR) 
locus in airway epithelial cells, with successful recombination 
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at 1% of cultured loci (Goncx & aL 1998). Applied to cells 
containing point mutations in genetic conditions such as DMD. 
SFHR can fully repair the dys gene. Applied to cells contain- 
ing frameshifi mutations. SFHR can be used to insert or delete 
a single nucleotide to restore the reading frame downstream of 
the mutation point (2immer and Gruss, 1989; Gone* et al. r 
1998). The potential improvement of correction efficiency was 
not addressed in previous works beyond the application of bac- 
terial recombination protein RecA. nor was there any attempted 
in vivo application of SFHR reported. 

The pre tern study investigates the potential of simple mod- 
ifications, particularly lipofection reagents, suspension tranS- 
fectiort. and multiple applications of SFHR, to improve the ef- 
ficiency with which SFHR -mediated gene repair occurs in mdx 
myoblasts. Further, this study addresses the potential applica- 
tion of SFHR to promote targeted gene repair by direct injec- 
tion into mdx mouse muscle. 

MATERIALS AND METHODS 

Mice for SFHR in eel! culture 

Two male C57BIJ10J mdx mice, one 12 weeks of age. and 
the other 9 days old, were obtained (Monash University Ani- 
mal Services. Melbourne, Australia), exposed to a 12-hr day- 
nighl cycle, and fed ad libintm until they were required for mus- 
cle culture. Another mouse (female C57BU10 ScSn/ScSnY 
[wild type]. A months of age) was obtained for cell culture and 
generation of wild-type DNA for gene repair. All animal han- 
dling was performed according to ihe St Vincent's Hospital 
(Fii2roy. Victoria. Australia) Animal Ethics Committee, proto- 
col 26/99, m accordance with the Ails trail an Code of Practice 
for the Cart of Animals for Scientific Purposes National Health 
and Medical Research Council of Australia. (NHMRO. 

Mice for SFHR in vivo 

All procedures were approved by the Animal Experimenta- 
tion Ethics Committee of the University of Melbourne (Mel- 
bourne, Victoria. Australia) and conformed to the guidelines for 
the care and use of experimental animals as described by the 
NHMRC. Throughout the experimental stages, animals were 
closely monitored to ensure there was no adverse reaction to 
the interventions. Four 4-mojith-old male mdx mice (3(M0 g) 
were arjcsthctizcd with methohcxitone sodium (Brietal I Eli 
Lilly. Mianapolis, IN], 40-60 rag/kg body weight, intraperi- 
toneal) such thai they were unresponsive to tactile stimuli. The 
tibialis anterior (TA) muscles of the left and right hindlimbs 
were surgically exposed and maximally injected with a tOWJ 
volume of -250 jil of 0.5% bupivacainc hydrochloride (Mar- 
cain. Astra. North Rydc, NSW. Australia) by one injection each 
in the proximal, midbclly, and distal regions of the muscle. This 
was equivalent to. or exceeded, the maximum volume of bupi- 
vacainc thai each TA muscle could hold, and caused degener- 
ation of the entire muscle mass (our unpublished observations). 
Intramuscular injection of bupivacainc to u muscle's holding 
capaciry causes complete degeneration of muscle fibers within 
the first 2 days, followed by complete regeneration (Rosenblatt, 
1992). After injection, the small skin incision was closed with 
Michel clips {Acsculap, TuttUngen. Germany) and swabbed 
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with povidone-iodine solution. At the completion of surgery, 
mice were returned to their cages, where they were fed ad //- 
bitum and routinely monitored for condition. 

Myoblast celt cultures 

After asphyxiation with COj and cervical dislocation, skele- 
tal muscle was removed from the mdx mice and primary myo- 
blast cultures were prepared essentially as described elsewhere 
(Austin etui, 1992). The muscle tissue was finely minced with 
scissor* in a small glass petri dish. The myoblast cultures were 
preplated twice for 1 hi in culture medium containing Ham** 
FIO (1CN Biomedicals. Costa Mc$a. CA) supplemented with 
20^ fetal calf scrum (FCS). basic fibroblast growth factor 
(bFGf\ 2-5 ag/ml), 2 mA/ glutamine (Gin), penicillin (100 
units/ml), and streptomycin ( 100 p%ttti\). All cultures were then 
grown in full growth medium (25-cm 3 flasks) at 37'C and 5* 
COi with daily half- medium changes until passage at >S0% 
confluence (l0 h cells). 

Once cultures reached 80% confluence the cells were de- 
tached from the flask, using 0-05% { w/v) trypsin in Hanlcs' bal- 
anced sail solution (HBSS, neutralized by reintroduction to FCS 
immediately after cell detachment), and counted with a hemo- 
eytometer. The cells were divided into two aliquots each con- 
taining 5 X 10* cells and pelleted at 400 X g for 10 roin. and 
the medium was aspirated and discarded. One of these pellets 
was resuspended in full growth medium and grown for subse- 
quent transfectfon and myotube differentiation; the other was 
frozen for DNA extraction. The cultures thus intended for trans- 
fection were grown to >80% confluence and split for trans- 
feet ion and differentiation. 

Preparation of DNA for SFHR, mdx control, 
and assay 

SFHR DNA. DNA was extracted and column purified from 
the liver of the female wild-type mouse, using the QIAamp tis- 
sue DNA extraction protocol according to specification (Qhv 
. gen, Valencia, CA), suspended in 1 5 m>f Trb>HCL pH 9.0. and 
stored at -20*C for DNA analysis. A e03-bp ampKcoo <am- 
plicon C) was generated by polymerase chain reaction (PCR) 
with oligonucleoude primers C and D (Fig. 1 and Tabic 1 ). The 
pCRs ( 100 p\) consisted of 50 ng of total DNA, a 04 con- 
centration of each primer, 200 \xM dNTPs. 1.5 mAf MgClj. and 
0.5 unit of Bio-X-ACt 3*-*5' proofreading DNA polymerase 
system (Biolme/Fisher-Bicteeh. Perth. Australia) in buffer sup- 
plied by the manufacturer. The reactions were subjected to 29 
cycles of 92*C for 45 sec (denaruration). 6TC for 2.5 min (an- 
nealing/extension) with an initial cycle of 92*C fur 2 min and 
65°C for 2.5 min (total 50 cycles), using a QuarterBath ther- 
mal cycler (Bartelt instruments. Melbourne, Australia). Ampli- 
con C PCR product was resolved from reagent components by 
electrophoresis agarose, TaE). followed by lon-exchangc 
chromatography according to manufacturer specifications (Ql- 
AEX H system: Qiagen), and suspended in 15 mM Tris-HCl, 
pH 8.8, a; a final concentration of 0.1 /ig/u! (0.27 pmol/pJ). 

DNA for mdx control and away o/dys locus rtpuir, DNA 
for establishment or control nidx template was extracted from 
the livers of the two male mdx mice used for establishing mdx 
cell cultures as described above for wild-type DNA. After gene 
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repair by SFHR, culture* (2 x to 5 cells) were harvested and 
half-passages were used for extraction of DNA (QIAamp), 
which was then assessed for the presence of wild-type dys loci. 

Detection of witd-rype (repaired) dys loci by 
allele-spectfic PCR 

Allele-specific PCR (as-PCR) was performed with anttsense 
oligonucleotide primer Dys-wf AS-01 (3' mismatch for the nidx 
nucleotide) and sense primer B (Table I and Fig. 1A). Using 
this protocol, a 415-bp analytical PCR product was amplified 
only from wild-type DNA (Fig. 2A). Location of primer B in 
an intronic region upstream of exon 23 and the mdx mutation 
locus, and in a gene region not present on ampiicon C. thus 
confers ch/omosomaJ locus specificity to the as-PCR assay used 
here. PCR was performed in 25- p.] reactions as described above 
for wild-type DNA, with the exception of a sequential increase 
in annealing temperature such that mdx DNA was not ampli- 
fied (Fig. 2). Resolution of wild-type and mdx templates oc- 
curred by application of a 62.5*C annealing temperature. 

The tibialis anterior (TA) and vastus lateralis (VL) muscles 
Of the 9-day-old mdx mouse were removed and frozen on melt- 
ing Ni(l)-cooled iaopemane for dystrophin immunohiJi\ochenv 
istry, skeletal muscle DNA extraction, and RNA extraction. 
DNA was extracted by the Ql Aamp Tissue DNA extraction pro- 
tocol according to the manufacturer instructions (Qiagcn). sus- 
pended in 15 mAf Tris-HCl. pH 9.0. and stored at -20 ft C for 
DNA analysis by allele-specific PCR and FCR-Testricrion frag- 
ment length polymorphism (RFLP), This DNA (50 ng) and that 
extracted from transfected and untransfecied cultures were sub- 
jected to as-PCR as shown in Fig. 2. 

Detection of repaired dys loci by 
quantitative PCR-RFLP 

PCR-RFLP based on an earlier assay (Shrager et at., 1992: 
Asselin st aL 1994), was performed cm repaired cultures, us- 
ing a 3'-modined oligonucleotide primer with allele-specific 
MaelW restriction enzyme site acquisition followed by PCR 
product restriction digestion (Fig. 2B). DNA was extracted from 
repaired mdx, native (unrepaired) mdx, and wild-rype myoblast 
cultures, and PCR was performed as described above (for am- 
piicon C) with primers A and D (Fig. I and Table 1). Reactions 
consisted of 50 ng of total DNA, a 0.4 concentration or 
each primer, 200 dNTPs, 1.5 mM MgCI 2 . and 2.5 units of 
BioOC-Aet 3' -5' prctffreadmg DNA polymerase system (B»o- 
linc/Fisher-Biotech) in buffer supplied by the manufacturer. The 
reactions were performed as described for ampiicon C to gen- 
erate a PCR product of 810 bp (ampiicon A) exclusive of the 
SFHR-introduccd ampiicon C. The PCR product was resolved 
from reaction components by \% agarose gel electrophoresis 
and ion-exchange column chromatography according to the 
manufacturer specifications (Qiagen) and suspended in 15 mM 
Tris-HCl. pH fi.8. at a concentration of 0J Mg/^l- A secondary 
PCR was performed with 100 ng of ampiicon A, and a 0.* t*M 
concentration of each primer (DyS-Mtf* S-OJ and Dys-£x23 AS- 
f>J; Table 1 and Fig. 2B) in the presence of (a- w P]dCTP, oth- 
erwise as described above for ampiicon A. Digestion of thts 
104-bp ampiicon (Dy5-Ato-l04) with MaelW with the mdx nu- 
cleotide at the dys locus, produces 60-bp (band S: Fig. 2BJ and 
44-bp (band B; Fig. 2B) bands. The 3' modification on the Dys- 
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FIG. 1. Strategy for dys gene repair by SFHR. Sequence dqia were obtained for 876 bp of the murine dys gene region, in- 
cluding partial sequences of utfrons 22 and 23 and the entire exon 23 sequence. Oligonucleotide primers A. B. C (sense), and D 
(Hntiscnse) were designed to optimize access to the known sequence at this locus. The oligonucleotide primers were mapped ac- 
cording to this known sequence as shown in Tabic I. A o03*bp section of this region was amplified from wild-type C57BU10 
mouse DNA by PGR with primers C and D to generate amplicon C. which contained the wild-type nucleotide (C) at the mdx lo- 
cus. Amplicon C was then used to transfed nidx myoblasts and induce homologous replacement of the mutant nucleotide (T) 
with the wild-type C Any subsequent PCR amplification with primers A and B of DNA extracted from the fransfeetcd mdx cul- 
tures generated an amplicon that could originate only from the chromosomal locus. 



Mac S-01 primer results in site acquisition of a further MwIII 
site only in the presence of the wild-type nucleotide at the dys 
locus. M<relli digests the 44-bp MaelU digestion product of 
wild-type Dys*AfoM04 PCR product (band B) into two frag- 
ments of 20 and 24 bp. respectively (band C; Fig. 2B). Digests 
were performed at 55°C for 1 2 hr. using 1 to 2 of Dys-Afatf- 
1 04 product generated from repaired mdx. native mdx, and wild- 
type myoblasts, and 10 units of AfarlU under buffered condi- 
tions as specified by the manufacturer (Promega, Madison. WJ), 
The digestion products were resolved on 16% nondenaiuring 
acrylamide gels and visualized by Phosphor! mager (Molecular 
Dynamics. Sunnyvale. CA). Quantification of wild-type loci 
was performed with ImageQuam software (Molecular Dynam- 
ics) and the relative volume densities of bands B (basis. 44 bp) 
and C <cul 24/20 bp) as shown in Fig, 2B. Incomplete diges- 
tion with the A4ttc\\\ enzyme was quantified by comparison of 
volume densities of bands S (internal digestion standard. 60 bp> 
and B in IbW wild-type template controls (Fig. 2B|. The pos- 
sibility thai the PCR-RFLP method could generate artifaeiuiil 
positive results owing to carryover of amplicon C in the DNA 
extracted from the repaired cells was also investigated (Lane 



mdx/C: Fig. 2B). This control was achieved by addition of 10 
ng of amplicon C per 1 /a J of md* DNA template extracted from 
the control mdx cultures prior to amplicon A amplification by 
PCR. This ratio of amplicon C and mdx DNA represents the ra- 
tio expected if the entire I >ig Of amplicon C that was used to 
transfect the m<h cultures was coamplified with the genomic 
DNA of the repaired cells (100 pi. total volume). 

Gene repair ar the dys locus in mdx cultures by SFHR 

An amplicon C/UpofectAMlNJE/Plus reagent complex was 
formed as follows; heat-denatured (70*C for 3 min> amplicon 
C (1 Mg- pmoh 1.6 x 10 t: mol) was added to 100 >il of 
scrjrn-free Opti-MEM (GTBCO-BRL, Gaiihersburg, MD) and 
allowed to equilibrate to room temperature for 10 min. To this 
Nvas added 9 p\ of Plus reagent (Life Technologies. Rockville. 
MD). and after thorough mixing the complex was allowed 
to equilibrate at room temperature for 30 min. To a further 
100 of Opu-MEM was added 6 of LipofeciAMtNE 
reagent (Ufe Technologies!, and the mixture was equilibrated 
at room temperature for 30 min. The two mixtures were then 
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A. Allele-Specific PCR 
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FIG. 2. Detection and quantification of wild-type nucleotide at the dys locus. (A) PCR primer Dys-wr AS-01 (Table 1> has a 
3' mismatch with the mutant T nucleotide at the mdx locus. PCR amplification using primers B and Dys-ntf AS -01 was performed 
on DNA extracted from skeletal muscle of a 9«day-old tndx mouse (from which myoblast culture* were also made; see Fig. 3) 
and from the wild-type female mouse from which the wild-type amplicon C and wiw-type control cultures (Fig. 2A) used in this 
study were £enersned. By variation of the annealing temperature during PCR, a 415-bp product can be amplified onty from wild- 
type DNA. The use of primer B in this assay ensures that only chromosomal locus is amplified. 



combined and allowed to complex for a further 90 mm prior to 
transfer tion. 

The UpoiectAMlhfE/Plus/amplicon C (6 fx\J9 iiM\ #ig) com- 
plex was introduced io 5 X 10 s mc&c myoblasts (1 cell to 3 X 
IO 6 molecule* of amplicon C) suspended in I ml of Opti-MEM 
(G1BCO-BRL). The total volume was made up to 3.0 ml with 
Opti-MEM. and cells were transferred to and allowpd to settle 
in a 25-cm : flask. {Nunc, Roskilde* Denmark), The uninfected 
myoblasts were propagated at 37°C in 5% C0 2 /air for a fur- 
ther 8 hr. after which the medium was supplemented with 2.5 
ml of fully supplemented Ham's FtO growth medium without 
antibiotic or fungicide, containing 20*£ FCS, bFGF (2.5 ng/ml). 
and 2 rnA/Oln. These transected myoblast cultures were grown 
to >80% confluence in full medium, and split for DNA analy- 
sis (culture la; Fig. 3) and further trwisfccnon/differentiation. 
This procedure was serially repeated until mdx myobiaSi cul* 
aires that had been transfectcd 0, 1. 2, and 3 times had been 
generated, sampled for DNA (cultures A, la, Ifc and Ic. re- 
spectively; Rg. 3). and allowed to differentiate to myotubes for 
assessment of cVstrophin expression. The possibility or arti- 
factual positive results owing to carryover of amplicon C in the 



DNA extracted from the repaired cells was also investigated 
(lane Al; Fig. 3). This control was achieved by addition of 10 
ng of ampiieon C per I /*! of the DNA (100 /xl) template ex- 
tracted from repaired culture A {mdx) prior to as-PCR analy- 
sis. This is the maximum ratio of amplicon C and mrfr DNA 
possible in the repaired cultures (la, lb, and Ic). This would 
arise only if the entire I pig of amplicon C used io transfect 
culture A w»* cpamplified with the repaired culture (la, lb. and 
Ic) genomic DNA (100 pi. total volume). 

Separate experiments were performed with Upofectin and 
LipofectAMINE (nc Plu$ reagent: Fig. 4) to assess the relative 
efficiency of SFHR with different lipofecrion reagents. 

Myotube differentiation was induced by growth of myoblasts 
in Ham's FlO medium supplemented with 2 mM Gin, penicillin 
< 100 units/ml), streptomycin (100 jig/mi), and 7* hone serum 
f HS) for 2 days, followed by supplemented Ham's FlO medium 
with 2% H5 for a further 7 days. By the end of this Incubation, 
more than 50% of the myoblasts appeared to have different!* 
aied. Growth in 2% HS beyond this point resulted in signifi- 
cant morbidity of cells regardless of whether ihcy had been 
iransfected or not (da;a not shown). 
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FIG 2 Detection and quantification of wild-type nucleotide « the dys locus. (Continued.) (B) The Strategy for PCR-RFLP 
quantification of repaired cells is shown. PCR was performed with primers A and D to amplify 8 10 bp (amplicon A) across the 
repaired region of the <hs locus in DNA exacted from myoblasts subjected to SFHR. After purification, ampheon A was used 
as template for a second PCR with primers Dys-JVae S-01 and Dys-Ex23 AS-Oh the 104-bp product of which «*i digested with 
MaeUh Primer Dys-Mar S-01 is modified near the 3' end such chat a Ma*TII sice is introduced in the presence of wi)d-iype DNA 
immediately downstream of the primer-annealing site (Table 1). This results in J** III site acquisition in the 44-bp fragment (B, 
basis) to generate a doublet band (C. cut) consisting of bands 24 and 20 nucleotides in length. The digestion products are re- 
solved on a 16% nondenaiuring aery) amide gel and visualized by Phosphorhnagef. Incomplete digestion of wild-type control 
DNA with Mae\\\ is shown. The extent of digestion can be estimated by comparison of relative intensities of bands S (60 bp: 
standard) and B (basis) in 100% wild-type control DNA. The amount of wild-rype nucleotide ia estimated by comparison of rel- 
ative intensities of band B (44 bp) and the C (cut, 24/20 bp) doublet. The mdxfC control shows that the maximum amount of am- 
plicon C (10 ng) expected to be copurified with DNA from SFHR-rcpaired cutaires wiU not generate an artifacuial result during 
PCR-RFLP detection when added to mdx template prior to amplification of araplicon A- 



Assessment of dys locus expression by RT-PCR 

Aftfir differentiation of mdx myoblast cultures. mRNA was 
extracted from 10 s cells, uiing the SV RNA extraction proto- 
col (Pramega), TotRl RNA was also cxtrdCied from a sample 
of mdx mouse VL, which had been ground on dry ice prior 
to extraction. First-strand geoe-speciftc reverse inscription 
was performed on 250 ng of mRNA. using dys gene -specific 
oligonucleotide primer c3603-AS (dystrophin; sec Table 1), 
oligo(dT) (for glyccnddchyde-3 -phosphate dehydrogenase 
[GAPDH]). and Superscript Moloney murine leukemia virus 
(Mo-MuLV) reverse transcriptase (Life Technologies) under 
buffered conditions specified by the manufacturer. An 303 -bp 
dys transcript product was amplified from this gene-specific 
cDNA. using C3603-AS and c2801-S primers. Reactions (100 
^.1) consisting of 0.1 yM concentration* of each primer, a 



0.2 mAf concentration of each dNTP. 2 mA* MgClj and 5 units 
of Taa polymerase (Promega) were jubjected to 29 cycles of 
93*C for I min (denaturauon). 57 6 C for 45 sec (annealing), and 
65.5°C for 2 min (extension). A primary 3-min denaturation 
was performed during the first cycle to ensure optimal first- 
suge denaturation. The details for GAPDH RT-PCR are de- 
scribed elsewhere (Reardon er aL 2000). 



Gene repair at the dys Locus in mdx tibialis 
anterior by SFHR 

Four days after bupivacainc injection, the mice were anes- 
thetized as described previously. Skin incisions were reopened 
to facilitate the intramuscular injection of an SFHR cocktail 
consisting of 25 of amplicon C completed with Upofectin 
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std Transf ected Cultures 



Controls 



la lb 1c 2 3 4 A Al B X C 




Culture la: transfected xl (12d) 
Culture lb: transf ected xl (I2d) 
Culture lc transf ected x3 (lid) 
Culture 2: bransfected xl (8d) 
Culture 3: transf ected xl (4d) 
Culture 4: tran&f ected xl (*28d) 



Control A: Culture 1 (mdx) 
Control Al: Culture t/Amplicotl C 
Control B: Wild Type 
Control X: PCR Blank 
Control C: Fragment C (No PCR) 



Gene repair at the mdx locus by SFHR. Myoblasts were cultured from a 9-day-oId mdx male (culture A) and a 4-rnomh- 
-tvDC female (culture B> and DN A was extracted from 10 5 cells. AUelMpccific PCR confirmed the genotype of these 



Controls Al. X. and C were as follows: culture A DNA mixed with 10 ng of anv 



FIG. 3. 
old wild -type i 

myoblasts (controls A and D; also in Fig, 2) . . 

plkea C (prior to PCR). reagent blank (pn template DNA,. and amplicon C alone, respectively. The 0 ng of ampl.coD C in the 
A I control is *e maximum rtio of amplicon C and mdx culture A DNA that would ^ presem if all of the amplicon C added 
during SFHR of culture A were to copurify with the repaired culture (la. lb, and 1c; DNA. DNA extracted I from .culture A af- 
ter one (culta-t la), rwo (culture lb), and three (culture lc) cycles of SFHR (using lipofectAMINEfTlus) showed the presence 
of wild-type C at the mdx locus of the dvs gene. SFHR efficiency is visibly improved by SFHR application* subsequent to the 
firsu Calces 2 and 3 were independent myoblast culture* established from the 9 ^;^ d H ^ a ' c R ^=^^ ™" b * 
SFHR- Culture 4 is a totally independent culture (different mouse) that had been subjected to SFHR once 28 day* prior to DNA 
extraction. Numbers m parentheses reflect days after SFHR prior to DNA extraction. 



ar a ratio of 1:1 (m/v) in 0.9* Nad (final volume, of 200 m1) 
into the right TA_ An equivalent injection with DNA substi- 
tuted with salineyUipofectin vehicle was administered to the lefi 
TA muscle to provide a contralateral. no-DNA control. After 
injection* the skin incisions were reseuled and reswabbed. and 
the mice were relumed to their cages on gaining full con- 
sciousness. The mice were killed at 3 weeks after injection and 
both TAs uere removed and frozen on N 3 fl>cooled melting 
isopentane for immunohistochemical and gene repair analysis. 

tmmunohismhemical detection of dystrophin 
expression in myoblasts and muscle 

Dystrophin expression in muscle and cultured myoiubes was 
assessed with a polyclonal antibody raised in sheep against a 
60-kDa dystrophin fusion proiem {kind gift from L. Kunkel. 
Childrens Hospital and Harvard Medical School. Boston. MAi 
as described elsewhere (Bower ct al.. 1997). Dystrophin or. the 
slides was visualized by secondary horseradish peroxidase 
(HRPvconjugated rabbit ami-sheep antibody (Dafco. Carpinic- 
ria, CA). and color was developed with 3.3-diaminohentidine 
(DAB), using Sigma Fast DAB tablets according to the manu- 



facturer protocol. Endogenous peroxidase activity was blocked 
with 0.65- H 2 0 : in phosphaie-bufYered saline (PBS) prior to in- 
cubation with the primary antibody, Myoiubes were grown in 
Ubtekll ^Chamber slides (Nunc) as described above and fixed 
for 15 min in 0.05* eluiaraldchyde~PBS prior to immunohis- 
tochcmical staining for dystrophin expression. 



RESULTS 

SFHR gene repair in mdx mouse myoblasts 

The 5FHR strategy used here for repair of the exon 23 C-to- 
T nonsense transition in mdx rnouAc myoblasts focused on an 
S76-bp region of the dystrophin locus (rfyj). Representine the en- 
ii« available sequence data for this region of the dys gene, the 
sequence data encompassed partial nucleotide sequence from in- 
trons 21 and 23. and the entire exon 23 sequence (Fig. I). 

The location of primers A and B outside of amplicon C (gen- 
erated by primers C and D) provided access to the chromoso* 
mat locus in repaired cells exclusive of the introduced ampii- 
con C (Figs. 1 and 2A). This forms che basis for a novel 
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1 la 2 3 3a mdxwt B 
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2a 


3 


3a 




B 










— 44 bp 
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24 bp 
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335 
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Tem plate Titration for PCR-RFLP: 



B44bp 

C24bp 
20 

% wt DN A 
Ratio B/C 



100 



QO 



2D 



22 



IS 



a? 



1Z5 



11.6 



10 



144 



teo 



2Q4 



FIG 4 SfHR II- Double application and (.perfection variation. Myoblwi cultures were generated from ■/•^^[l m ? 
S£U J™ divided imo tandem cu!;urcs <«*. J. la. 3. and 3a). SFHR w* formed on ' md * 

S^JteAMlNE Cno Plus reagent), and on cultures 3 and 3a once, using Lipoftctm. Culture m*x w»s B^r*? 1 * 8 ™^ 
rStaS Nwd ^we ™n to parage, with one passage fro* each being grown further and the other being subjected to SFHR 

2rt Storimager data verified the temiquaittiuiivc «-PCR result, and showed that 15 lo 20* of loci 

ofToci in culmr« 3 and 3? had been converted u> wild-type at the mdx ^pos tioju Culuim and I. ewk Inc. 
S^fM by Ktt-RfLP. which indica.es that repair level., may have been as low as 5 x 10 Sfc of leet >n Ac u»uaJ SFHR 
cycle (data not shown). 
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aUelc-spcciftc PCR (as-PCR) strategy that is able to resolve one 
wild-type dys locus from 10 5 mdx loci (data not shown). The 
a$-PCR strategy utilizes primer B with primer Dys-»* AS-Ol. 
which hw a 3' mismatch wiih the muiani T nucleotide at ihc 
mdx locus and results in differential amplification of wild-type 
template in a mixture of mdx aod wild-type DNA (Fig. 2A). 
This high-resolution technique was designed specifically for de- 
letion of the low-level ( - 1 %) gene repair expected from SFHR 
(Gone* *t at.. 1998) in the \<fi cells crown. Because of the ex- 
ponential amplification of template, using this method, the as- 
PCR strategy could be considered only semiquantitative, PCR- 
RFLP using allele-specific MatW digestion was able to provide 
quantitative analysis of dys loci in repaired cell cultures (Fig. 
2B). In contrast to the exponential nature of allele- specific PCR, 
PCR-RFLP Has a linear range of wild-type locus detection in 
repaired (heterogeneous) cultures and can therefore be used as 
a quantitative measure. 

Prior to rnyoblasi culture. as-PCR analysis of DNA extracted 
from the tibialis anterior (TA) of a 9-day-old male mdx mouse 
showed a total absence of wild-type C at the mdx Incus (fig. 
2A, mdx Une)- Likewise, cells cultured from the remaining mus- 
cle of the same mdx mouse were exclusively of the mdx geno- 
type (Fig. 3, lanes A and Al). After a single transection, us- 
ing LirjofcctAMlNE/Plu* reagent, of three such cultures 
established from the mdx mouse. as-PCR was able to detect suc- 
cessful replacement of mutant T nucleotide with the wild-type 
C at the mdx locus in 0.1 to 5 X 10"*% of cells (Fig. 3, cul- 
tures la, 2, and 3), which persisted for at least 28 days postre- 
pair (Fig. 3, culture 4), After two further serial applications of 
SFHR (cultures lb and lc; Fig. 3)* improved repair efficiency 
was evident on agarose gels compared with just a single appli- 
cation of SFHR. This result was confirmed in further indepen- 
dent experiments involving myoblasts cultured from a single 4- 
month-old male mdx mouse (Fig. 4). In the latter experimcou 
SFHR efficiency in cultures transrecled once with Lipofeci- 
AMINE (I and la) was improved by a subsequent transfettion 
(cultures 2 and 2a; Fig. 4). Furthermore, SFHR efficiency with 
Li pofectin (Fig. 4, cultures 3 and 3a) and LlpofectAMINE/Plus 
was better after single applications than with Lipofectamine 
alone. This result indicates that SFHR efficiency may be im- 
proved by variation of the transfection method and by multiple 
applications. In the second experiment (Fig- 4) the multiply 
transfectcd cultures (2 and 2a) were assayed for wild-iype loci 
by PCR-RFLP. and showed a repair frequency of 15 to 20%. 
using ImageQuant software (Molecular Dynamics). Of the re- 
maining cultures transfected in the second experiment (Fig. 4). 
cultures 3 and 3a displayed the presence of wiid^ype loci in I 
to 1% of loci, using the PCR-RFLP quantitative technique. Cul- 
tures 1 and la contained wild-type loci beyond the resolution 
limit of die PCR-RFLP strategy, but just detectable with the as- 
PCR technique and therefore in between 5 X 10~ 4 and 0.1% 
or cells. The results axe in good agreement with SFHR gene re- 
pair frequencies achieved in pivotal SFHR experiments by oth- 
ers (Kunzclmann et al.. 1996; Gonci et at.. 1998). 

Expression of repaired dys Loci 

RT-PCR. After passage harvesting for DNA extraction, the 
remainders of cultures 1 through to 3a were allowed to undergo 
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myotube formation. After 7 days of differentiation, Cultures 1. 
la. 3, and 3a and cultures 2 and 2a. respectively, were pooled 
xo establish two composite repaired myotube sources and cen- 
trifuged, and peltm were frozen for RNA anulysts* RNA ex- 
tracted from these composite myotube* represented single and 
double SFHR applications, respectively. The RNA obtained 
from these cultures was analyzed by RT-PCR for dystrophin 
transcript as described earlier and shown in Fig- 5. No dys- 
trophin transcript was detected in these myotube cultures (Fig. 
SA, lane 2 3l 2a). Neither was there any dystrophin transcript 
defected in cultures subjected to sham lipofection (fig- 5 A, Une 
mdt-C). where no SFHR was performed (no amplicon C). In 
RT-PCR performed on RNA extracted from mdx and wild-type 
muscle, dystrophin transcript was detected in amounts of RNa 
corresponding to that used in the myotube culture RNA (Fig, 
5A, lanes wum and mdx- m), RNA integrity in the muscle and 
myotube extractions was assessed by RT-PCR ampliftcarion of 
GAPDH transcript (equal quantities) from the vw-m and 2/2a 
mvoiube extracts (Fig- Botb the muscle and myotube RNA 
could equally be used for RT-PCR. The cultures containing the 
repaired genes were thus shown not to be expressing detectable 
levels of dystrophin transcript. 

Immunokisiochrmistry. Alkruois of the passaged cells were 
grown and allowed to undergo differentiation on chamber 
slides. Cell numbers diminished markedly during the differen- 
tiation process and differentiation beyond 7 days left few cells/ 
tubes on the slide. This effect was considerably more marked 
in multiple SFHR application cultures, where again cultures 
were significandy depleted by 7 days of differentiation, !m- 
munohistochernistry of the myotubes on these slides revealed 
no dystrophin expression that differed from untreated mdx 
myotubes, 

SFHR gene repair in mdx mouse tibialis anterior 

Three weeks after injection of the SFHR-wlJd-type and 
SFHft-vehick cocktails into the right and left TAs of die four 
male mdx mice, the mice were killed by cervical dislocation 
and TAs removed for irnrnunohistocMmistry and DNA screen- 
ing. The frozen TAs were sectioned and immunohUtoc he mi- 
ca) )y stained with anti-dystrophm antibody. As for m Wrro 
SFHR, no differences were observed between amplicon- and 
vehicle-injected TAs in the numbers or extent of fibers stain* 
ing positive for dystrophin. 

After irnmunohistocherrucal examination, DNA was ex- 
tracted from these tissues and showed that all four TAs injected 
with the DNA cocktail showed repair at the dys locus. In con- 
irast. the DNA from contralateral TAs injected with saline cock- 
tail lacked evidence of repair at the tfyj locus (Fig. 6). Appli- 
cation of the PCR-RFLP technique to these tissues did not 
reveal sufficient DNA repair to visualize by this method. This 
result suggests thai in vivo SFHR repair of the dys locus oc- 
curred ai a frequency somewhere between 5 x I0 -4 and 0.1% 
of the regenerating cells in the injected mdx TAs. The relatively 
low frequency of gene repair achieved in vivo, while promis- 
ing, underlies the lack of detectable dystrophin expression by 
immunohistochemUtry both for in vivo applications presented 
here, as well as in the in vitro application of SFHR. 
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A. Dystro phin RT-PCR 

Size Std 2&2a mdx-Cmdx-m wt-m 



(kb> 

1353 
1078 
872 

603 



310 — 




R GAP-DH RT-PCR 



Std 2&2a wt-m wt-mx4 




FIG. 5. Dystrophin gene expression in repaired cultures. Myoblasts, cultured frorn a 9-day-oW male mdx mouse, were sub- 
jected to two cycles of SFHR (cultures 2 and 2a; Fig. 4). arid a lubpotttge was aJlowed to differentiate mto myoiube^ RNA w» 
extracted from these cultures after 7 day* of differentiation and pooled, and first-strand RT-PCR was performed with <f>* 
soecific (c3603-AS and c28QI-$: Tabic !) and polyCAj-spectfe oligonucleotide primers. The cDNA products were used for am- 
plying sections *f<te (A) and OAPDH (B) transcripts, respectively, by PCR. Analysis of tnmscript was Pf*™* on equal 
Lnotmfi of temple (see Materials and Methods) generated from the twice^sfected (2«t) : an d sham-tmn^^^sf^ ed 
without any DNA; md*-Q myotubes. mdx mu*de (mrfr-M). and wild-type muscle (wwifc After 7 days, neither the mitetfld 
(2&2a) nor sham-transfectcd [mdx-C) myotubcx expressed dystrophin transcript. An equal amount of mRNA from ^™ x '™> 
and wild-type (wf-m) muscle, on the oiher ha*d. was shown to express detectable dystrophin transenpu by ibis method. The m- 
tegritv of mRNA in the tranced cultures (2&2a> was compared with that in the muscle, using GAPDH «press»on » s > stjut- 
dardizing factor <B). These RT-PCR experiments showed that in the presence of equal quantities of starting raRNA, the GAPDH 
transcript was equally detectable in the cultured cells as in the muscle. The wi-m x 4 lane shows the effect of a 4-fold increase 
in *t-m mRNA at the start of the RT. 



DISCUSSION 

This study investigated possible application of short-frag- 
ment homologous replaccmem (SFHR) to muiauoiu involved 
in genetic neuromuscular conditions. In addition to primary ap- 
plication of SFHR to the mdx <lys locus nonsense mutation, this 



study focused on SFHR gene repair efficiency improvement, 
and in vfvo application. The animaJ model used in this wort 
was one from several variants of ibe mdx mouse model of 
Duchenne muscular dystrophy (DMD). The model expresses a 
C-to-T nonsense transition in dystrophia gene {dys) exon 23 of 
the X chromosome thai causes a C-termma] truncation of the 
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mdx mice (in vivo SFHR) 

^12 3 4 ^ ^ 




+: DNA Injected (RHS to) 
-: Saline Injected (LHS to) 

^ S ou, U froze*. and analyzed for dystrophin expression by 

histochemistry. After hisxochemistiy. the regaining TA was ground io a powder and ^ « ^tt'SSrS 
was applied to the DNA from both sides and Showed evidence of repair in the right T As compared w«h the left TAs. Repair was 
not sufficient to allow evaluation of repaired gene dystrophin expression by RT-PCR-RFLP. 



expressed dystrophin protein (Ryder-Cook et ai„ 1988; Sicin- 
slci et al.. 1939). 

Dystrophin gene repair in this study was achieved in 15 to 
20% of cultured tndx myoblasts and in somewhere between 5 x 
1CT* and 0-1* of muscie cells in tibialis anterior of rnale mdx 
mice in vivo. These in vitro repair frequencies axe higher than 
in early pioneering SFHR studies thai reported repair of the 
common AF508 CFTR locus microdeletion in 1% of airway ep- 
ithelial cells (Kunzelmanr et aL I 996 . Concz et aL 1 998). This 
finding* however, cannot be considered comparative because of 
the use of different cell types in the early studies compared with 
those uied here. Repair of the mdx dyx locus by SFHR in this 
study now joins an alternative strategy involving chimeraplasty. 
applied to muscle in the ntdx mouse (Rando tt al„ 200Q) and 
in the GKMO (golden retriever muscular dystrophy) dog 
(Bartlett it a/., 2000) models of DMD. 

Chimeraplasry involves activation of mismatch repair mech- 
anisms to effect gene repair, whereas SFHR utilizes homolo- 
gous recombination pathways. Of these two methods, SFHR is 
the only one to date thai has been applied to insertion of small 
nucleotide sequences C* bp) to repair disease-related mutations 
(Kunzelmann et aL. 1^6: Goncz ft o/.. 1 998). Trie mdx mouse 
and GkMD dog models vhou a pathophysiology similar to that 
of human DMD at ihe genetic level. The CRMD dog has a Splice 
junction mutation ai tntron 6 thai causes a frames hi ft deletion 
at the secondary uanscr.pt level (Sharp ei aL. l992j. The mdx 
mouse used in this stud> expresses a nonsense mutation. Gene 
repair by insertion of trinucleotide sequence at the CFTR locus 
by others using SFHR- however, suggests that frumcShifl mu- 
tations could be repaired by the insertion or deletion of a Min- 
gle nucleotide at or downstream of the deletion interface. 



In contrast to both reports of dys gene repair by chimera- 
plasly, as well as SFHR gene repair of the AF508 CFTR mu- 
tation in airway epithelial cells, the expression of repaired dys 
loci in this study was not detectable at the protein or transcript 
level. In view of die high and low repair efficiencies observed 
here in vitro and in vivo, respectively, this important factor bears 
careful consideration. Both studies of chimeraplastic repair at 
the dsn locus were in vivo studies, and showed higher in vivo 
repair levels than those demonstrated in this report In the mdx 
study (Rando et aL 2000), expression of the 1 to 2% repaired 
dys loci was demonstrable only by Western analysis after 1m- 
munoprectpjtation of the expressed dystrophin and by use of 
revenam fiber-exclusive antibody, while the GRMD dog repair 
was evident in up to 10% of transcripts analysed. Both these 
studies report at least two orders of magnitude higher in vivo 
dys gene repair than achieved in this study. 

Alternatively, the high in vhn> repair frequencies achieved 
here in double SFHR applications were easily detectable al the 
dys gene level by the quantitative PCR-RFLP method (Fig- 4). 
While expression of SFHR-repaired CFTR loci was demon- 
strable in cultured airway epithelial celts (Kunzelmann at «/.. 
1996'. Goncz pf aL. 1998;. demonstration of repaired dys \0Cus 
expression in this study required differentiation of myoblasts 
under limited serum conditions. This differentiation was ob- 
served by phase-contrast microscopy in up to 50% of cells in 
repaired and control cultures, and yet RNA analysis of the dif- 
ferentiated mdx cultures showed that no dystrophin transcript 
was being expressed by these myoiubes (Fig. 5) a; harvest. The 
mechanism underlying the luck of dys gene expression In these 
myoiubes is somewhat unclear, but is most liVely directly or 
indirecilv related to the transferors ipofecuon process, which 
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war observed lo have adverse effects on (he viability of celU. 
White there is a possibility that the SFHR process produce* 
deleterious gene modifications by nonspecific integration in ad- 
dition to the observed dystrophin gene repair, tbe experiment* 
performed here arc not capable of resolving this issue. This pos- 
sibility would not. however explain the lack of dystrophin Iran* 
script per se in the repaired cultures (Fig. 5). One possible ex- 
planation may be thai the 7-dny differentiation of the culture* 
wus not sufficient to alio* adequate expression of dystrophin. 
This possibility is *upponed by a lack of dys gene transcript tn 
sham-iransfcctcc) mdx cultures (Wa'-C: F>g. 5) and by obser- 
vaiions that rfvj gene transcripts are not detected 7 days after 
differentiation (Radojevic tt a/- 2000). A further pW.biluy 
bowever also remains that lipofccijon-mediumted SFHR of 
cells may adverseiv effect their subsequent ability to express 
dystrophin. Support for this exists in the inability to cultivate 
the repaired rnyoiubeii to a significant extent beyond the 7-day 
window observed after differentiation. The lack of dys gene 
transcript was further confirmed by immunohistochemistry. 
where no difference* were observed between untreated and 
treated ntdx culture*. Muscle immunohisiochcmisiry likewise 
was unable to resolve dystrophin expression in SFHR-treatcd 
muscles compared with untreated muscles. This result reflects 
the extremely low repair frequency achieved in vivo. 

In this study, three lipofection reagents were used. SFHR us- 
ing LipofectAMtNE was unable to generate significant levels 
of gene correction after a single application. Significant levels 
of gene repair were evident only after two applications of 
LipofeeiAMINE-medated SFHR (Fig. 3). Alternatively, LipO- 
fectin was able to generate a higher level of SFHR gene repair 
efficiency after the first application than LipofectAMfNE. This 
improvement whs ofTset. however, by increased senescence and 
morbidity associated with myoblasts transfected with Lipo- 
fectin. In general, they did not survive multiple applications 
very well. Use of the LipofectAMlN£/P1us reagent system re- 
suited in an tmerrnediaie rompromisc between efficiency and 
relatively low senescence/morbidity effects compared with the 
Lipnfectin reagent and in much better first-application repair 
efficiency than LipofectAMINE alone- It u thus possible that 
combined applications of other lipofectants or trarwifectanis 
such as polyethyleneiminc (PEI) or dend rimers may be of fur- 
ther benefit to SFHR efficiency in virro. Likewise, application 
of nonehemicaJ techniques such as eJectroporation or micro- 
injection may further improve SFHR and subsequent cell via- 
bility. 

The prospect of direct in «w SFHR is favorable for appli- 
cation in genetic muscle disorders such as DMD. Unlike the in 
virrv experiments, in vmyj SFHR mdx locus repair demonstrated 
here was detectable only by the high-tesolution allcle-specific 
PCR fas-PCR) method (Fig. 6). This place* the frequency of 
repaid n\dx loci at between 5 X 10 -4 and 0.1ft in the trans- 
fected muscles. The demon S( ration of low-level mdx dys lew 
repair in \wo p«r *c gives rise to the possibility that further ef- 
ficiency improvement may sec the application of SFHR gene 
correction directly in muscle without any associated in vitro 
cellular process. Such improvements may take the form or 
whole muscle electroporaiion. which has shown great success 
in transfecting whole muscle with reporter plasmid (Mir er at. 
1999). Under these conditions, application of myotoxic agents 
us used here, may or may not be required for gene repair. 



The work presented ir, this article reports targeted repair of 
the C-to-T nonsense transition ar exon 23 of the dys gene in the 
mdx rnotise. Generic correction of cells by SFHR or otherwise 
has the potential benefit that repaired cells differ in genetic char- 
acter by only a single nucleotide locus from the host cells. With 
further improverroems to in vivo and in vitm gene repair pro- 
cesses. SFHR and other gene repair techniques may find some 
application in the rectification of genetic defects in neuromus- 
cular diseases. 



ACKNOWLEDGEMENTS 

The Muscular Dystrophy Association of Victoria, Australia, 
funded the work presented in this article- The authors thank Dr. 
Peter Cowan and Dr. Panayoos loannou for their invaluable dis- 
cussion of this srjdy. This study was presented in pan at the 
5th International Congress of the World Muscle Society, South 
Africa, 2O0O. 

The authors dedicate this manuscript to the memory of Dr. 
Lawrence Austin, who provided much inspiration to all who 
knew and worked with him. Law rie pawed away at home on 
Tuesday. November 1. 2000. at 5.?0 vm. His wisdom, strength, 
and knowledge were unique and will be remembered by all. 



REFERENCES 

ASSEUN. 1. TREMBLAY, M.. V1LQU1N, J.T.. GUERETTE. B„ and 
TREMBLAY. )J>. (I994i. Polymerase chain re*ctj cm-based may to 
asses* ihe 3uccc» Of myoblast transplantation in mdx mice- Trans- 
plant. Proc. 26, 5589. 

AUSTIN. U BOWER. J.. KUREK. J., and VAKAK15. N- (1992)- Ef- 
fects of leukaenca inhibitory factor and other cytokines on murine 
and human mvofrlaii proliferation. ). Neurol. Sci, 112, 1 85-19 L 

BARTLETT STOCK1NGER. S- DENIS. M.M.. BARTLETT. 
W T INVERARDL U LE. TT. MAN. N„ MORRIS. G.B., BO- 
GAN. DJ. ( METCALF-BOCAN. J M and KORNEGAY, J.N- (2000). 
m Ww argejed repair of * point mutation in the canine dystrophia 
gene by a chimeric RNA/DN A oligooucleotide. Nat Bloxechnol. 1*. 
015-621 

BOWER. J.. WHITER., KUREK. 1., MULDOON. CM., and AUSTIN. 
L. 0997), The rote of growth factor* In myoblast transfer therapy. 
BuicABil. Myot 7, 1T7-IR6- 
CAPECCH1. MR. 0969b). The new mouse genetics: Altering the ge- 
nome by cenc targeting Trends Genet. 70-76, 
CAPECCHL M.R. < 1989b) Altering the genome by homologous rc- 

corthimnoo. Science 244, 12gg-i:92. 
CLEMENS. P.R.. WARD. P.A.. CAS KEY. C.T.. JJULMAN. D.E.. and 
FENW1CK. R,C. ( 1 992 y Prtmature chain termination mutation caw* 
ing Duc'rcnnt jnoscular dvarophy. Neurology 42. 1775-1 7B2. 
COLE-STRAUSS. A- YOON. K.- XlANC. BYRNE. B.C. RICE. 
M.C.. GRYN, J_ HOLLOMAN. W.K-. and KMIEC. E-B. (1996). 
CorTccncn of toe mutation responsible for sickle cell anemia by an 
RNA-DSA oligonucleotide. Science 273, 13H6-13K9 
DEN DUKNEN. J.T- GROOTSCHOLTEN. P.M.. BARKER. E-. 
BLONDEN. L.A.. GlNJAAR. H.B., WAPENAAR. M.C.. VAN 
PAASSEN. H.M- VAN BROECKHOVEN, C. PEARSON. P.U. 
and V AS OMMEN. GJ. i 1 939). Topography of the Duchcnne mus- 
cular dystrophy Cl>MD) ^nc; F1GE and cDNA analysis of )94 caw* 
reveal* US deletions ond 13 duplications. Am. J. Hum. Getiet. 45. 

FANG- W.Hm and MODRICH, P. |W3). Humfln strand-spec iftc mi>- 



Received from < 13106418798 > at 12/3/01 5:38:38 PM [Eastern Standard Time] 



13106418798 ~C 13106418798 



124 P83 DEC 03 '01 15:32 



642 

match repair occur* by a bidirectional irttchanism similar to that of 
the bacterial reaction. J. Biol. CVm. 2*8, ) 1838-1 1&44. 
FOLOER. K.R.. WONG, E.A-. WaHL G-, and CaPECCKL M.R. 
(1982). Patterns of inlegreiion of DNA microinjected into cultured 
mwrnalian cell*: Evidence for homolvtfous recombination between 
injected ptasmid DNA molecules, Mol Ceil. BiOI. 2, 1372-1387. 
GONC2* K.K.. KUNZELMANN. K» XU. 2.. and GRUENERT. D-C 
(1998), Targeted replacement of normal and mucam CFTR nequences 
b human airway epithelial cell* using DNA fragments. Hum. Mot. 
Genet. \ I91M919. 
HUNGER- BERTUNG. K.. HARRER. P,. and BERTLING, W. (1990). 
Short DNA fragments induce site Specific recOrobi nation in mam- 
malian cells. Mot. Cell. Biochert- 92, 107-116- 
IM. W.B-. PHELPS. S-F., COPEN, EH.. ADAMS. EG.. SLfGHTOM. 
J.L., and CHAMBERLAIN, J.S. (1996). Differential expression of 
dystrophin iwfor m« in strain* of Mdx mice with different mutations 
Hum. Mol. Genel. 5, 1 149-1 153- 
KJLIMANN. M.W., PEZZUT1. A.. GROMPE, M., and CASKEY. C.T. 
( 1992), Point muuiiions and porymorpniwns in the human dystrophin 
gene identified in genomic DNA sequences amplified by multiplex 
PCR. Hum- CeneL 89, 253-258 
KOENJC, M.. HOFFMAN, BERTEJUSON, C.l., MONACO. A.P., 
FEENER, t. and KUNKEL, LM. (1987). Complete cloning of the 
Duchetin* muscular dystrophy fOMD> cDNA and pieliminary ge- 
nomic organization of the DMD gene in norma) and affected indi- 
viduals. Celt 56\ 509-517. 
KUNZELMANN. K... LECENDRE- J.Y.. KNOELL, D.U. ESCOBAR. 
LC H XU. and GRUENERT, D.C, (1996). Gcoc ttrgetin$ of 
CFTR DNA in CP epithelial cells. Gene Ther. 3, 859-867. 
L1ECHT1-GALLATI. S., KOENIG. M.. KUNKEL, L.M., FREY, D.. 
BOLTS HA USER. E,, SCHNEIDER. V,. BRAGA. S.. and MOSER, 
H. ( 1989). Molecular deletion pattern* in Duchennc and Becker type 
muscular dystrophy. Hum. GcocV 81* 143-348, 
MAN SOUR, Si-. THOMAS. KJL> DENG. OX., and CAPECCKI, 
M.R- (1990). Introduction of a iacZ reporter gene into the mouse 
ma locus by homologous recombination. PrOC. Nail. Acad. ScL 
U.S.A. */. 7688-7692. 
MIR, L.M.. BUREAU, M.P.. GEHL, RANGARA, R.. ROUY. D„ 
CAlLLAUD. J.M.v DELAERE. P, BRANELLEC D_ SCHWARTZ, 
B.. and SCHERMAN, D. (1999). High-efficiency gene transfer inio 
skeletal musdc mediumterf by electric pulses. Proc. Natl. Acad Sci. 
U.S.A. *6, 4262-4267. 
RADOJEVJC, V., LIN, S., and BURGUNDER. J-M. (2000). Differen- 
tial expression of dystrophin, utrophin. and dystrophio-associated 
protein* in human muscle culture. Cell Ttwuc Res. 300, 447-457. 
RANDO. TA-. D1SATNIK. M.H., and ZHOU. UZ. (2000). Rescue of 
dysuophio expression in <rub mouse muacte by RNA/DNA oligonu- 
cleotide*. Proc. Natl. Acad, Sci. U-S.A. 97> 5363-5368. 



KAPSA ET AL. 

REAR DON. K.A., KaPSA. RM.. DAVIS, J., KORNBERG. A.J., 
AUSTIN. I_. CHOONG. P.. and BYRNE, E- (2000V Increased lev- 
els. of leukemia inhibitory factor mRNA in muscular dystrophy ond 
human muscle trauma. Muscle Nerve 21, 962-966. 

ROSENBLATT, J.D. < 1992). A tunc course study of the i.«jm«tne con- 
tractile properties of rat extensor digilorum JOngus muscle injected 
w»ih bupivacaine. Comp. Btoehcm. Physksl. Comp, Physiol. 101, 
361-767. 

RYDER-COOK. A S.. SlClNSKl, P., THOMAS. K.. OAV1ES. K.E-. 
WORTON. R.G.. BARNARD. E.A.. DARLISON. M.G- t and 
BARNARD* PJ. C*988>. Localization of the mdx rairtation withia 
the mouse dysuoptici gene. EMBO J- 7 4 3017-3021. 

SHARP NJ . KORKECAY, J.N-. VAN CAMP. S.D.. KERBSTRE- 
ITH M.H.. SECORE. S.L.. KETTLE, S., HUNG. W.Y., CON- 
ST ANTINOU. CD„ DYKSTRA. MJ, aad ROSES, A.D- (1992). 
Ar» error in dyitrOphifl mRNA processing in golden retriever mus- 
cular dystrophy, an animal he eclogue of Duchennc muscular dys- 
trophy. Genomics 13, U 5-121. 

SHRAGER. J.B.. NAft. A„ KELLY. A.M.. and STEDMAN, B.H. 
(1992). A PCR-bosed assay for the wtld-type dystrophin gene trans* 
ferred into th* mdx mouse. Muscle Nerve 15» 1 1 33-1 1 37, 

SlCINSKi. P.. GENG. Y.. RYDER-COOK, A-S.. BARNARD. E-A.. 
DARLISON. M.G., and BARNARD. PJ. i 1989). The molecular ba- 
sis of muscular dystrophy in the mdx mou*« A point mutaiinn. Sci- 
ence 244. 1578-1580.' 

THOMAS, K.R.. and CAPECCHJ. M.R, (5987). Site-directed mutage- 
nesis by gene targeUna in moose embryo-Oerived stem celis. Cell 51 » 
503-312. 

YOON. K.. COLE-STRAUSS. A^ and KMIEC. E.B. (19%). Targeted 
gene enrrcction of episomai DNA in marnmaliart ceil* mediumted by 
a Chimeric RNA'DNA oligonucXaidB. Proc. Natl. Acad- Sci. U^.A. 
93> 2071-2076. 

ZJMMER* A., and GRUSS, P. (1989). Production of chimaeric mi» 
containing embryonic stem (ES) cells carry mg Bhomneoboa Has), J 
allele muUled by homologou* reoombi nation. Nature 338, 150-153. 

Address reprint requests to: 
Z>r. Ruben Kapsa 
Melbourne Neuromuscular Research Institute 
Department cf Clinical Seumsciencts 
Su Vincent's Hospital 
41 Victoria Pde- 
Fitzray, Victoria 3065. Australia 

E-maik rica4>Sfl@aricLucs.unimclb.edu^u 

Received for publication July 31, 2000; accepted after revision 
January 23. 2001. 



Received from < 13106418798 > at 12/3101 5:38:38 PM [Eastern Standard Time] 



